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Consideringthe prospectsof using the W-Na target assembliesin ADS facilities, the experimentsweremadeto
studythenuclear-physicscharacteristicsof W andNa, andthecompositestructuresthereofin their interactionswith
0.8-GeVand1.6-GeVprotons.Theneutronandproton-inducedreactionratesweremeasuredinside,andonthesurface
of, acylinder-shapedheterogeneousW-Naassemblytogetherwith thedouble-differentialspectraof secondaryneutrons
emittedfrom different-depthW andNa discs.Themeasurementresultsweresimulatedby theLAHET, CEM2k, and
KASKAD-S codesin termsof thelatestversionsof nucleardatabases.
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I. Introduction

Tungstenis regardedasbelongingto the mostpromising
classof targetmaterialsin thepresent-dayconceptualdesigns
of ADS facilities.Tungstenis sufficiently easyto handle,is of
a high density, shows thedesiredsetof nuclear-physicschar-
acteristics,anddoesnot exhibit chemicalreactivity andbio-
logical toxicity (contraryto PbandHg).

At thesametime,theactualtargetdesignsincludenotonly
theneutronsourcesmadeof heavy materials,but alsoheatex-
changerswith coolants.Na is oftenproposedto bea coolant,
consideringthattheNa-basedtechnologieshavebeenstudied
quite properly. Besides,Na canalso be usedin the hetero-
geneoustargetdesignsto level the energy depositwithin the
targetvolume.

In view of the above, accumulationandestimationof the
microscopicandgroupnuclearconstantsfor thesaidmaterials
andfor theassembliesthereofhavebecomeurgent.Bearingin
mindthatthetargetstructuresareverycomplicatedandcanbe
subjectto amplealterations,thecomputationalmethodsbased
on thelatestsimulationcodesandnucleardatabasescanonly
be usedfor that purpose. On the other hand,as mentioned
repeatedlyin the relevant publications(see1) , for instance),
thepresent-daycodesareoftendevoid of thepredictivepower
requiredby theactualADS facility designs.

A necessityhasarisen,therefore,for thesimulationcodes
tobetestedby theresultsof experimentingwith theprototypes
of thetargetpartsandunits. It shouldnot be forgotteneither
that thesaidexperimentalresultscan,andcertainlymust,be
usedasindependentnuclearconstants.Thepresentwork de-
scribestwo groupsof theexperiments,namely,

 studyingthe thresholdreactionratesinside,andon the
surfaceof, a 0.8GeV proton-irradiatedlamellatehetero-
geneousW-Na target;

�
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 measuringthe double-differentialneutronspectrafrom
0.8 GeV and1.6 GeV proton-irradiatedW andNa tar-
gets.

Theexperimentalresultsweresimulatedby theLAHET code
(in bothcases),by theKASKAD-S code(the thresholdreac-
tion rates),andby theCEM2k code(theneutronspectra).

II. Experiment

The experimentswere madewith the ITEP U-10 proton
synchrotronbeamsof 7.2� 10

���
p/pulse(thereactionrates)and

� 1 � 10
�

p/pulse(thesecondaryneutronspectra)intensities.
The generalexperimentaldesignof measuringthe reac-

tion rateshasbeendescribedin2) . The measurementswere
madeby the gamma-spectrometrymethodusing142 exper-
imental samplesof thirteensingle-isotopeandhigh isotopic
enrichedmaterials(

���
C,

���
F,
���

Al,
���

Co,
���

Cu,
���

Cu,
� �

Zn,���
Nb,

�����
In,

�����
Tm,

�����
Ta,

�����
Au, and

�����
Bi). The 0.03-2.1

g/cm
�

disc-shapedsampleswereplacedat 84 points inside,
andon the surfaceof, a heterogeneousW-Na assembly. The
continuousirradiationtime was10 hours,with a 6.5� 10

� �
in-

tegral protonfluence.After the irradiation,thesampleswere
gamma-spectrometeredusing the GC2518Ge detectorof a
1.8 keV resolutionin the 1332keV gamma-line.The resul-
tantgamma-spectrawereprocessedby theGENIE2000code.
Thesecondarynuclidewereidentifiedby theITEP-developed
SIGMA codeusingthePCNUDAT database.

Thedouble-differentialspectraof secondaryneutronswere
measuredby the techniques3) using a TOF spectrometer.
The neutronswere recordedwith the BICRON 5MAB1F
D12.7*L15.2cmdetectorsbasedon BC501 liquid scintilla-
tor. The projectile proton energies were 0.8 GeV and 1.6
GeV; the neutronsweredetectedat 30

�
, 60

�
, 90

�
, 120

�
, and

150
�
. Thegamma-backgroundwasdiscriminatedby thepulse

shape.The absoluteneutrondetectionefficiency wascalcu-
latedby theSCINFUL4) andCECIL5) codes.



III. Computational simulation and comparison

with experimental data

The experimentaldatawere simulatedby the LSC code
system6) using the LAHET code (in both cases), the
KASKAD-S code7) (thresholdreactionrates),andtheCEM2k
code8) (neutronspectra). The simulationtechniquesarede-
scribedin detail in2) .

The resultsof comparingbetweenthe experimentaland
simulateddataarepresentedin Figs. 1–3(reactionrates)and
4–5(secondaryneutronspectra).Themeansquareddeviation
factor � F � wasusedasacriterionfor agreementbetweenthe
calculatedandexperimentalreactionrates.

Besidethecomparisonbetweentheexperimentalandsim-
ulatedresultsof thepresentwork, Fig. 5 shows theresultsof
work9) , which is theonly work thatadmitsa straightforward
comparisonwith our data.

IV. Conclusions

Theexperimentaldataandtheresultsof testingthesimula-
tion codeshavepermittedthefollowing conclusions:

 many of the measuredreactionscannotbe reproduced
by simulationin termsof the present-daycrosssection
libraries(MENDL2 andMENDL2P)becauseof their re-
strictedenergy range10) (E� � 100MeV, E!"� 200MeV);

 theresultsobtainedindicatethatthecumulatingeffect in
thehigh-energy neutronreactionshasto beallowedfor;

 thestudiedreactionratesinside,andon thesurfaceof, a
heterogeneousW-Na targetindicatethatthecodesbased
on Monte-Carlo techniques(e.g., LAHET) are much
morepromisingcomparedwith the codesbasedon the
discrete-ordinatealgorithm(e.g.,KASKAD-S);

 theoreticalmodelsfor separatingthe secondaryproduct
yields betweenthe isomericstateshave urgently to be
constructedwith aview to updatingthesimulationcodes;
the absenceof such a model prevents from a reliable
simulation-to-experimentalcomparisonfor a numberof
reactions(

�����
In(n,p)

������#
Cd,for instance);

 thequality of thecalculatedreproductionof thedouble-
differentialspectraof secondaryneutronsis muchhigher
in thecaseof W comparedwith Na,thefactthatcanqual-
itatively be explainedby the drawbacksof the present-
daytheoreticalmodelsfor reactionswith small-massnu-
clei at intermediateandhighenergies;

 additionalmeasurementsof the space-energy character-
isticsof secondaryneutronsseemsto beurgentbecause
theavailabledataarescantyandprecludeany final con-
clusion concerningthe reasonsfor the discrepanciesin
the experimentalresultsof the given type; moreover,
a nucleardatabasethat could have beensafely usedin
practiceis impossibleto compileusingthe present-day
experimentaldata.
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Fig. 1 TheexperimentalandtheLCS calculatedreactionrates.Thedashedline is theneutroncontribution to thereactionrates.Themean
squareddeviation factor * F + is alsoshown. Thepresentedreactionrateshave beennormalizedto theprotonbeampower.
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Fig. 2 TheexperimentalandtheKASKAD-S calculatedreactionrates.Thedashedline is theneutroncontribution to thereactionrates.The
meansquareddeviation factor * F + is alsoshown. Thepresentedreactionrateshave beennormalizedto theprotonbeampower.

10
-2310
-2210
-2110
-2010
-1910
-1810
-17

0 1 2 3 4
/

5
0

6
1

7 8 9 10

16
9 T

m
→

16
6 T

m
93

N
b→

90
N

b
64

Z
n(

n,
p)

64
C

u
64

Z
n→

63
Z

n
65

C
u→

64
C

u
63

C
u→

61
C

u
59

C
o(

n,
p)

59
F

e
59

C
o→

58
C

o
19

F
→

18
F

<F>=1.33

 R
ea

ct
io

n 
R

at
e

 [s
-1

W
-1

nu
cl

eu
s-1

]

10
-2310
-2210
-2110
-2010
-1910
-1810
-17

0
2

1 2
3

3 4
/

5 6
1

7 8
4

9

16
9 T

m
→

16
6 T

m
93

N
b→

90
N

b
64

Z
n(

n,
p)

64
C

u
64

Z
n→

63
Z

n
65

C
u→

64
C

u
63

C
u→

61
C

u
59

C
o(

n,
p)

59
F

e
59

C
o→

58
C

o

<F>=1.40

 R
ea

ct
io

n 
R

at
e

 [s
-1

W
-1

nu
cl

eu
s-1

]

Fig. 3 TheexperimentalandtheLCS (left figure)andKASKAD-S (right figure)calculatedreactionratesat thesurfaceof secondW-disk.
Thedashedline is theneutroncontribution to thereactionrates.Themeansquareddeviation factor * F + is alsoshown. Thepresented
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Fig. 4 Thedoubledifferentialneutronspectrameasuredin thepresentwork from D6xL20 cm Na irradiatedby the0.8(the left-handpanel)
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